ABSTRACT: Phospho-gypsum, a primary waste by-product in phosphate fertilizer manufacturing industry and a potential source of electron acceptors, such as mainly of sulfate and a trace amount of iron and manganese oxides, was selected as soil amendment for reducing methane (CH4) emissions during rice cultivation. The selected amendment was added into potted soils at the rate of 0, 2, 10, and 20 Mg ha -1 before rice transplanting. CH4 flux from the potted soil with rice plant was measured along with soil Eh and floodwater pH during the rice cultivation period. CH4 emission rates measured by closed chamber method decreased with increasing levels of phospho-gypsum application, but rice yield markedly increased up to 10 Mg ha -1 of the amendment. At this amendment level, total CH4 emissions were reduced by 24% along with 15% rice grain yield increment over the control. The decrease in total CH4 emission may be attributed due to shifting of electron flow from methanogenesis to sulfate reduction under anaerobic soil conditions.
INTRODUCTION
Wetland rice agriculture is a major source of biogenic methane (CH4) that accounts for approximately 25% (on an average 60 Tg CH4 y -1 ) of the global anthropogenic CH4 emissions to the atmosphere (Neue and Roger, 1993) . The contribution of this CH4 emissions from rice fields is expected to increase by about 1.1% yr -1 (Anastasi et al., 1992) due to extension of flood water rice cultivation area at a rate of 1% yr -1 to fulfil the rice demand of the expanding human populations (Minami 1994 , Dubey, 2001 ). Therefore, feasible soil amendment should be applied in floodwater paddy soils to sustain rice productivity as well as reducing CH4 emissions during rice cultivation. The biogenic CH4 is mostly produced from the anaerobic decomposition of organic compounds by methanogenic archaea under highly reduced conditions in floodwater rice field, where CO2 acts as inorganic electron acceptor (Garica et al., 2000 , Hattori et al., 2001 ). After flooding of rice field soils, common electron donors such as acetate and hydrogen are present in excess for anaerobic respiration and methanogenesis occurs in parallel to iron and sulfate reduction Patrick et al., 1978; Roy et al., 1997) . When electron donors for microbial respiratory processes become limiting, methanogenesis could be suppressed by supplementing alternative electron acceptors such as ferric or sulfate , Lovely et al., 2004 , which may result a combination of inhibition effects and competitive effects with different microorganisms for the common electron donors Jakobsen et al., 1981) . It has been recognized that sulfate reduction provides 1.5 times more energy for sulfate reducers than methanogens (Capone et al., 1988) , and, therefore, CH4 emission (Bartlett et al., 1985 (Bartlett et al., , 1987 . The mechanism behind this could be the competition between CH4 producing bacteria (methanogens) and sulfate reducing bacteria for the same substrate (Kristjansson et al., 1982; Schonheit et al., 1982) .
Phosphogypsum is a primary waste by-product, which is generated from the phosphoric acid and phosphate fertilizer industry (US Environmental Protection Agency, 1993). It consists mainly of calcium sulfate di-hydrate (pH around 3.0) and a trace amount of radionuclides, which limits its use in agriculture. However, phosphogypsum may be used in wetland as well as upland agricultural crop farming as soil amendment and fertilizer source within the range 1 to 10 Mg ha -1 depending on specific plant nutrients requirements, soil properties and crop production goals (Abrol et al., 1985 , Beaton et al., 1985 Fox and Blair, 1986 , Brady et al., 1990 , Arman et al., 1990 . Phosphogypsum may increase the availability of Ca, Mg, K, P, Fe and Mn (Singh et al., 1990 , Khalil et al., 1990 . In addition, phosphogypsum may reduce aluminum toxicity in the rooting zone of crop plants due to its self-liming effect (Alba et al., 1990 , Carbonell et al., 1999 . As Korean arable soil is generally characterized by low levels of calcium and sulfur (RDA 1999; Kim et al. 1997), therefore, phospho-gypsum, which contains over 90% of CaSO4･2H2O, could be a good soil amendment to supplement mainly calcium and sulfur for rice cultivation. The high content of sulfate in phosphogypsum will act as electron acceptor and might suppress methanogenesis by accelerating the activity of sulfatereducing bacteria for the common substrates (Hori et al, 1990 , Lindau et al., 1994 ; Denier vander Gon and Neue, 1994 ; Corton et al., 2000) .
In this study, we investigated the effects of phosphogypsum on suppression of CH4 emissions from anaerobic paddy soil conditions considering rice growth and soil properties.
Materials and Methods

Pot preparation and rice cultivation
The experiment was conducted in pot culture under the greenhouse condition. Soil was collected from a rice paddy field, air-dried, sieved (< 10 mm) and Measuring CH4 flux, soil redox potential and floodwater pH CH4 flux from the rice planted pot was measured by closed chamber method (Rolston, 1986) . The air gas samples from the transparent poly acrylic plastic chamber (Diameter 23.88 cm, and height 100 cm) were collected by 50 ml gastight syringes at 0, and 30 minutes intervals after chamber placement over the rice planted pots. Gas sampling was carried out du- ) in the ith sampling interval, Di is the number of days in the i th sampling interval, and n the number of sampling intervals.
The changes in soil redox potential (Eh) and floodwater pH were measured as a routine work by Eh meter (PRN-41, DKK-TOA Corporation, Tokyo) and pH meter (Orion 3 star, Thermo electron corporation, Tokyo), respectively, during rice cultivation. Wet soil samples were collected at different rice growth stages to determine the concentration of iron compounds.
Chemical Analysis
Soil samples were collected from the surface layer (0-15 cm depth) after rice harvesting, air-dried and sieved (< 2 mm) and analysed for pH ( , and K + (1 M NH4-acetate pH 7.0, AA, Shimadzu 660, Kyoto), and available silicate content (1 M Naacetate pH 4.0, UV spectrometer). The available phosphate content was determined using the Lancaster method (RDA 1988). The total soil iron, active iron and free iron concentrations were determined by modified acid (12 M HCl) digestion, acid ammonium oxalate in darkness and citrate dithionite bicarbonate dissolution procedures, respectively, (Loeppert and Inskeep, 1996) . Finally, the dissolved iron and manganese concentrations were quantified by atomic absorption spectroscopy (AA, Shimadzu 660, Kyoto). Water soluble NO3 and SO4 concentrations were analyzed by Ion Chromatography System (ICS-3000, Dionex). Chemical composition of the selected fly ash was analyzed by X-ray diffraction method (XRD-6000, Shimadzu, Kyoto). Other chemical properties were analyzed with the same methods used in soil.
Statistical analysis
Statistical analyses were conducted using SAS software (SAS Institute, Anonymous 1990). Rice growth and yield, soil properties and methane emission data were subjected to the analysis of variance and regression. Fisher's protected least significant difference (LSD) was calculated at the 0.05 probability level for making treatment mean comparisons.
Results and discussion
CH4 emission rates during 21-35 days after rice transplanting were within the range 14-34 mg m -2 hr -1 , which increased gradually with the development of soil reductive condition and rice plant growth (Fig.  1) . The peak CH4 emission rate 172 mg m , phospho-gypsum applications respectively, one week before harvesting (Fig. 1) . The decrease in phospho-gypsum applications, respectively (Fig.3) . This decrease in CH4 emissions could be due to mainly of increased sulfate concentration along with iron and manganese compounds in soil released from the applied phospho-gypsum (Table 4) , which acted as electron acceptors and suppressed methanogenesis (Van Breemen and Feijtel, 1990; Van der Gon and Neue, 1994). Lindau et al. (1998) found that phosphogypsum application levels 2.5, 5.0 and 10 Mg ha -1 in Louisiana rice paddy soils decreased total CH4 emissions 47, 46 and 51%, respectively, over the 84 days cropping season, even though grain yield and total biomass means were significantly lower than the control mean. Lueders and Friedrich (2002) also reported that the total CH4 emission was reduced by 69%
with gypsum amendment (0.15%) in Italian rice paddy soil. In this study, soil redox potential (soil Eh) values decreased rapidly after flooding and stabilized within the range -224 mV to -243 mV during 56-84 DAT, thereafter soil Eh increased and stabilized around -100 mV one week before rice harvesting (Fig. 2) . However, no significant differences were found among the treatments. The high Ca 2+ content in phosphogypsum and the decomposition rate of the applied rice straw (30 Mg ha -1 , about 6 times higher than the normal practice 5 Mg ha -1 ) might have accelerated to decrease the soil Eh level under flooded conditions, as supported by Nozoe et al. (1999) . On the other hand, floodwater pH increased gradually with the increasing application levels of acidic (pH 3.1) phosphogypsum until 84 days of rice transplanting, then decreased markedly at the late rice maturation stage (Fig. 2) . This initial increase in floodwater pH might be due to high dissolution of calcium and reduction of the dissociated sulfate from phospho-gypsum into sulfide under anoxic conditions. However, re-oxidation of this sulfide into sulfate at the late rice maturation (Table 4 ). This inverse relationship between the changes in soil Eh and pH was supported by Nozoe et al. (1999) . The concentrations of sulfate, iron and manganese compounds in soil significantly increased with the application levels of phosphogypsum (Table 4) , which might have acted as electron acceptors, and thereby, suppressed CH4 production as well as CH4 emissions during rice cultivation. In addition, the high concentrations of sulfate and sulfide in the amended soil might have caused toxic effects on methanogens (Van Breemen and Feijtel, 1990 ; Van der Gon and . The available silicate and phosphate concentration significantly increased in the amended soils (Table  4) , which may be due to high content of silicate and phosphate in phospho-gypsum (Table 2) as supported by Lee et al. (2002) . The organic matter level in soil after rice harvest significantly increased (Table 4) with 2-10 Mg ha -1 phospho-gypsum applications, probably due to stimulation of rice growth and dry matter production (Table 3) . Rice grain yield also significantly increased with the increasing levels of phospho-gypsum applications up to 10 Mg ha -1 , thereafter, decreased markedly with 20 Mg ha -1 (Fig. 3) . Using the quadratic yield equation model (rice grain yield ,Y = 32.9 + 1.17 x PG -0.067 and PG is phospho-gypsum application rate as Mg ha -1 ), the maximum grain yield 37.9 g plant -1 (15.7% increase over the control) was estimated with 10 Mg ha-1 application of phospho-gypsum (Fig. 3) ) significantly reduced (55-70%) CH4 emissions from rice field in Philippine, but there was no significant difference for grain yield between the amended and control plots.
In our study, plant height, tiller number, leaf area index, shoot biomass, and root biomass were positively correlated with seasonal CH4 flux, whereas root volume, root porosity, grain yield and harvest index were negatively correlated (Table 5) . The soil organic carbon and pH were positively correlated with total seasonal CH4 flux (Gogoi et al., 2005) , whereas water soluble sulfate, soil iron and manganese compounds, available phosphate and silicate content in soil showed strong negative correlations with total seasonal CH4 flux (Table 5) . Therefore, the effects of sulfate ion, iron and manganese oxides released from the applied phospho-gypsum might have acted as oxidizing agents as well as electron acceptors and ultimately reduced total CH4 emissions during rice cultivation.
Conclusion
Phospho-gypsum is an effective soil amendment on reducing CH4 emissions as well as increasing rice grain productivity. The total seasonal CH4 emission was reduced by 24% along with 15% yield increment over the control with 10 Mg ha -1 application level.
The suppression of CH4 emission may be attributed due to high concentration of sulfate ion along with iron and manganese compounds in the amended soil, which acted as electron acceptors.
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